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Here, we report the synthesis and structural characterization of high-quality Zn3P2 nanowires via

chemical vapour deposition. Structural and morphological characterization studies revealed a reli-

able growth process of long, uniform, and single-crystalline nanowires. From temperature dependent

transport and photoluminescence measurements, we have observed the contribution of different

acceptor levels (15, 50, 70, 90, and 197 meV) to the conduction mechanisms. These levels were

associated with zinc vacancies and phosphorous interstitial atoms which assigned a p-type character

to this semiconductor. From time resolved photoluminescence experiments, a 91 ps lifetime decay

was found. Such a fast lifetime decay is in agreement with the exciton transition along the bulk

emission from high quality crystalline nanowires. Published by AIP Publishing.
https://doi.org/10.1063/1.5026548

Nanotechnology has played a fundamental role in the

advance of several research areas for the last few decades. New

photovoltaic devices based on nanostructures are candidates for

making a revolution on the performance of currently used devi-

ces. Nanowire based solar cells present a high surface-to-volume

ratio and a small effective channel, which increase their photo-

sensitivity and decrease their carrier transit time in comparison

with bulk forms.1–6 Other advantages of the nanowire geometry

in solar power conversion include light trapping, bandgap tun-

ing, and reduced reflection. Nanowire based photovoltaic devi-

ces also have the potential to reduce the costs and material

consumption compared to the present planar technologies.7–10

As a matter of fact, the nanowire geometry is not expected to

increase the energy efficiency conversion rates but rather

reduces the amount of material used for device fabrication.

A promising material for photovoltaic applications

which also meets the above ideas is the II-V compound Zinc

Phosphide (Zn3P2). Due to its elemental component abundance,

Zn3P2 is a good candidate for low cost large-scale device

production. Zn3P2 crystallizes in a tetragonal structure (c/a

’ 1:414) but presents a pseudo-cubic lattice,11 and it is a natu-

rally p-type direct bandgap semiconductor with a sharp optical

absorption in the near-infrared region (�1.5 eV). Additional

advantages include a large absorption coefficient (>104 cm�1)

and a long minority diffusion length (13lm), which allow high

current collection efficiency.12–17 The properties of Zn3P2 were

mainly studied in the polycrystalline phase of the material: in a

very comprehensive work, Misiewicz has studied chemical

vapor synthesized samples and found a large amount of accep-

tor carrier traps driving the optical and electrical characteristics

of the material;11 Bhushan and Catalano have shown that poly-

crystalline Zn3P2 exhibits an energy conversion efficiency of

�6%.18 There are also some different methods to synthesize

high quality Zn3P2 nanowires in the literature.19–22 Recently,

Liu et al. have built a field effect transistor using Zn3P2 nano-

wires showing a good electrical performance.22 Im et al. have

used an alloy of Zn3P2 and Zn3As2 nanowires to be able to

tune their electrical and optical properties. They found a photo-

conversion efficiency dependent on the growth orientation for

both single and twinned nanowires.21

Here, we report the synthesis and structural characteriza-

tion of high-quality Zn3P2 nanowires via the chemical vapour

deposition (CVD) method using a 3-zone furnace, which

allowed us to independently control the temperatures of each

precursor material and the synthesis region. This method was

effective in synthesizing a large amount of high quality Zn3P2

nanowires in a short period of time. Structural and morphologi-

cal characterization studies revealed a reliable growth process

of long, uniform, and single crystalline nanowires. Several

devices were built with these nanowires, and the mechanisms

underlying the electrical properties have been studied. From

temperature dependent measurements, we have investigated

the contribution of different trapping levels in Zn3P2 to the

conduction mechanisms, which were also observed in optical

emission at cryogenic temperatures. These levels were then

associated with zinc vacancies and phosphorous interstitial

atoms which assigned a p-type character to this semiconductor.

Zn3P2 nanowires were synthesized by the vapour-liquid-

solid (VLS) method23 using gold nanoparticles as catalysts.

The nanoparticles act as preferential sites for the absorption

of the precursor material vapour and were prepared by ther-

mal annealing of a 20 Å Au layer deposited over Si substrates.

Zinc pieces and indium phosphide (InP) powder (mass ratio

1:1) were inserted along with the Si substrates in a quartz

tube and then placed inside a 3-zone tube furnace (Thermo

Scientific Lindberg/Blue-M). Before heating, the furnace was

evacuated to 10�2 Torr and purged by 10% H2 in He flux to

avoid the presence of oxygen in the synthesis chamber. Next,

each zone furnace was continuously and independently heated

until the local temperatures for the InP, Zn, and nanoparticlea)Electronic mail: chiquito@df.ufscar.br
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covered substrates were about 870, 750, and 500 �C, respec-

tively. Zn and P vapours were carried downstream by a 150

sccm H2/He flux. Hydrogen acting as forming gas was used to

avoid superficial localized charges in the nanowires. The syn-

thesis occurred at atmospheric pressure for 1 h. The reaction

responsible for the formation of Zn3P2 via the VLS method is

described by the following chemical reactions:24

ZnðsÞ !heat
ZnðvÞ; (1)

2InPðsÞ þ AuðsÞ !heat
2InðlÞ þ P2ðvÞ þ AuðlÞ; (2)

2InðlÞ þ P2ðvÞ þ 2AuðlÞ þ 3ZnðvÞ ! Zn3P2ðsÞ þ 2AuInðsÞ:
(3)

After the synthesis, the substrates were covered with

an �1 mm thick brown cotton-like layer of Zn3P2 nanowires.

X-ray diffraction (XRD, Shimadzu, XRD 6100, 40 kV, 30 mA,

Cu-K monochromatic radiation) and field emission scanning

electron microscopy (FEG-SEM Zeiss Supra 35) techniques

were used to verify the crystallographic and morphologic fea-

tures of the as-grown nanowires. Energy-dispersive X-ray

spectroscopy (EDS) was used to analyse the nanowire chemi-

cal composition. TEM and HRTEM images were obtained

using a FEI TECNAI F20 microscope operating at 200 kV.

Zn3P2 nanowires were removed from the substrate by

ultrasonic agitation in ethanol solution and then dispersed on a

Si/SiO2 (oxide thickness �500 nm) substrate. A single nano-

wire device was made using direct writing lithography techni-

ques (Durham Magneto-Optics). For electrical contacts, Silver

pads (100 nm thick) were deposited on substrates under high-

vacuum conditions.

Electrical characterization studies were conducted in a

closed cycle helium cryostat (Janis Research, CCS 400H) at pres-

sures below 10�6 mbar monitored by an electrometer (Keithley

Instruments, 6517B). Before temperature dependent measure-

ments, current-voltage curves were raised in order to characterize

the electrical contacts and the nanowire. Photoluminescence

measurements at 3.8 K were performed using a confocal micro-

scope (Attocube—CFMI), inserted inside a helium closed cycle

cryostat (Attocube—Attodry1000). The nanowires were excited

by a pulsed (80 MHz) 730 nm solid state laser (PicoQuant LDH

series) and focused by an aspheric lens on a 1lm spot with

a power of 50lW. The luminescence emitted by the sample

in a backscattering configuration was collimated by the same

lens and projected into a 50 lm multimode fiber connected

with a 75 cm spectrometer (Andor—Shamrock), dispersed by a

150 l/mm grating, and detected using a Silicon Charged Coupled

Device detector (Andor—IDUS series) for photoluminescence.

Time resolved photoluminescence investigations were per-

formed by means of a standard time correlated single photon

counting technique (PicoQuant/Picoharp 300) using a dedicate

Hybrid Detector (PicoQuant—PMA series).

FEG-SEM images in Fig. 1(a) show nanowires with a

smooth surface, a constant diameter along the growth axis, and

no lateral ramifications. The average width of the nanowires is

about 230–250 nm, and they are tens of microns in length. The

inset in Fig. 1(a) shows a single nanowire with a catalytic nano-

particle in its tip, which confirms the VLS growth mechanism.

XRD data depicted in Fig. 1(b) are compatible with the pattern

in the JCPDS #53–591 card, suggesting the as-grown nanowires

with an excellent crystalline quality. The samples were indexed

as a tetragonal structure with lattice constants of a¼ 8.121 Å

and c¼ 11.398 Å belonging to the P42/nmc space group. EDS

data in Fig. 1(c) show the nanowire constituents, Zn and P, with

an atomic ratio of �3:2. Similar analysis in the nanoparticle

shows the presence of Zn and P also with an atomic ratio of

�3:2, which is the required nanoparticle saturation to the nano-

wire growth. However, this saturation should be present only

during the growth process. Finding the saturated nanoparticle

after the synthesis may indicate that the nanowire growth was

early interrupted or the excess of precursor materials was pre-

sent. The Au-In alloy shown in Eq. (3) is also observed. The O

signal is due to the unavoidable presence of oxygen in the anal-

ysis chamber. TEM measurements also confirmed the sample’s

high crystalline quality. Figure 1(d) displays a HRTEM image

of an individual Zn3P2 nanowire. From the SAED (Selected

Area Electron Diffraction) pattern, the lattice spacing was found

to be 0.28 nm corresponding to the (004) plane family. The

(301) plane family was also identified giving a lattice spacing

of 0.26 nm and forming an angle of 71� with the nanowire’s

growth direction [004].

Usually, the resistance in semiconductors is described

by an Arrhenius temperature dependence (thermally acti-

vated) as shown by

qðTÞ ¼ q0 exp
DE

2kBT

� �
; (4)

where q0 is a weakly temperature-dependent factor, DE is

an activation energy (usually the energy gap or the shallow level

energy inside the gap), and kB is the Boltzmann constant. The

temperature-dependent resistance measurements are depicted in

Fig. 2(a). The fitting of Eq. (4) to the experimental data reprodu-

ces well the high temperature range of the resistance dependence

giving out an activation energy of 197 6 10 meV [Fig. 2(b)].

This value agrees with the energy levels expected for zinc

vacancy levels in the bulk Zn3P2 band structure. These vacancy

levels were suggested as one of the possible origins of different

acceptor levels (0.19 eV and 0.29 eV) in Zn3P2.
25,26 However, in

the low temperature region, T< 200 K [see Fig. 2(b)], the resis-

tance seems to be influenced by a different mechanism.

The presence of some degree of disorder which uninten-

tionally appears in the nanowire structures drastically affects

the transport of current through the nanostructure. Usually, a

localized behaviour of carrier’s transport and a transition from

a simple excitation semiconducting mechanism to a more

complex one are observed when disorder effects take place

(such as the variable range hopping mechanism, VRH27). In

systems such as those studied here, the disorder is induced by

the random potential distribution of defect states, leading to

the localization of carriers.28,29

The VRH mechanism arises when there is a sufficient

amount of disorder states causing the random component of

the crystalline potential to be large enough to localize the

electron’s wave functions near the band edges. The resis-

tance in this case can be written as

qðTÞ ¼ q0 exp
T0

T

� �m
" #

; (5)
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where T0 ¼ 5:7a3=kBgðEFÞ. Here, gðEFÞ is the density of

states at the Fermi level, a�1 is the localization length, and

m ¼ 1=1þ d where d specifies the dimensionality of the

system (1, 2, or 3 for one, two, or three-dimensional struc-

tures, respectively). The VRH mechanism normally occurs

in the temperature region wherein the energy is insufficient

to excite the charge carriers across the Coulomb gap between

two sites. Hence, conduction takes place by hopping of the

small region (kBT) in the vicinity of the Fermi level where

the density of states remains almost a constant. This condi-

tion is fulfilled when the temperature is sufficiently small or

when the energy states are uniformly distributed around the

Fermi level.27,30

Fitting of Eq. (5) to the resistance data is seen in

Fig. 2(c). The theoretical curve (m¼ 1/4) perfectly fits

the experimental data in the whole temperature range. The

mean distance that a charge can hop must be greater than

the localization length (assumed as proportional to Bohr’s

radius), and it can be easily derived within Mott’s theory

framework (written for m¼ 1/4)

RhopðTÞ ¼ a�1 T0

T

� �1=4

: (6)

RHop values at 100 K and 300 K were found to be 72 nm

and 58 nm which are smaller than nanowire cross-sections,

confirming that the nanostructures studied in this work

behave as three-dimensional systems.

From the above discussion, it is found that the conduc-

tion process in Zn3P2 nanowire devices is governed by two

different temperature-triggered mechanisms which take place

at the same time. As the hopping contribution seems to be the

dominant one, the thermally activated process is only able to

effectively contribute at high temperatures, near room tem-

perature as seen in Fig. 2(b). However, according to the liter-

ature, bulk Zn3P2 is known to present different activation

energies in the range of 14–90 meV which were not detected

in the measurements presented here.

In order to investigate the presence of different activation

levels, thermally stimulated current (TSC) measurements were

used. In this technique, the devices were initially cooled down

to 77 K. If there is an electron trapping centre with energy

above the normal dark Fermi level, then trapped electrons will

be in a non-equilibrium state, and thereby, their rate of release

will depend mainly on the phonon energy available in the lat-

tice.31–33 Thus, the rise of temperature after removing the opti-

cal stimulation will empty the traps to the conduction band,

FIG. 1. FEG-SEM image of as-grown samples (a) showing a uniform distribution of nanowires. The average width is about 230–250 nm, and they are tens of

microns in length; (b) XRD data compatible with the pattern in the JCPDS #53-591 card, suggesting the as-grown nanowires with an excellent crystalline qual-

ity. The samples were indexed as a tetragonal structure; (c) EDS data show that the composition of nanowires follows the atomic ratio of �3:2 (Zn and P).

Similar analysis in the nanoparticle shows the presence of Zn and P also with an atomic ratio of �3:2, which is the required nanoparticle saturation to the nano-

wire growth; (b) HRTEM image of a single nanowire, showing the Zn3P2 crystalline structure and the corresponding typical single-crystalline SAED pattern

(inset).
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which can be observed by the temporary increase in the elec-

tric current. The excess conductivity presents a maximum at a

given temperature. The conductive data were then adjusted to

the following equation:

ITSCðTÞ ¼ I0NC;V

� exp � DE

kBT
� 1

NTbs

ðT

T0

NC;V exp � DE

kBT

� �
dT

 !
;

(7)

where I0 is related to the trap properties, NC;V is the number of

electrons in the conduction (valence) band, s is the carrier life-

time, NT is the number of traps, DE is the activation energy

necessary to release trapped carriers, T0 is the trap filling tem-

perature, and b is the heating rate used in the experiment.

The thermally stimulated current data for two different

devices were fitted using Eq. (7) as depicted in Fig. 3: agree-

ment between theoretical and experimental curves in the

peak region is remarkable for both devices. For T> 300 K,

where the thermionic emission dominates the electric current

through the device, the fitting process was not used for con-

venience. As a result, two energy levels, 47 6 8 meV and

15 6 3 meV, were found accounting for trap levels inside the

bandgap of Zn3P2.

In the literature, Zn3P2 is known to exhibit acceptor

levels (from zinc vacancies, typically 0.19 eV and 0.29 eV) and

those generated by phosphorous interstitial atoms (from 14 meV

to 90 meV).34 From resistance measurements [Arrhenius

plot, 2(b)], the 197 meV level associated with zinc vacancies

was identified, while from TSC experiments, other two phos-

phorous related levels were observed (47 and 15 meV). In order

to confirm our results, low temperature photoluminescence

experiments were conducted (Fig. 4). From the PL spectrum,

four characteristic peaks were observed: 1.5 eV, which is in

accordance with the bulk gap value; 1.45 eV, 1.43 eV, and

1.41 eV and a broadband centred at 1.30 eV. No blue-shift asso-

ciated with quantum confinement size effects was observed

probably due to the large width of the nanowires. The broadband

centred at 1.30 eV corresponds to the zinc vacancy acceptor lev-

els (197 meV, also observed in transport data), while peaks at

1.45 eV, 1.43 eV, and 1.41 eV correspond to phosphorous inter-

stitial atoms (50 meV, 70 meV, and 90 meV from the valence

band, respectively). The 50 meV energy level is in good agree-

ment with that extracted out from the transport data; however,

we were not able to observe energies higher than 50 meV in

TSC measurements due to the thermionic emission. The

15 meV energy level was not observed in the photolumines-

cence spectrum probably because it is close to the band edge; in

FIG. 4. Photoluminescence results taken at 3.8 K. Colour curves represent

the Gaussian fittings for every peak emission. The inset presents the TRPL

decay (green curve) measured at 827 nm, corresponding to the bulk gap

emission. The grey color curve is the Internal Response Function (IRF) of

the system. A schematic energy level diagram, based on transport and opti-

cal data, is depicted (the 15 meV level is not shown in this diagram).

FIG. 2. (a) Temperature-dependent resistance measurements showing a

semiconducting behaviour; (b) Arrhenius plot and the corresponding fitting

of a thermal activated transport process. At high temperatures, the fitting

provided DE ¼ 197 meV in accordance with zinc vacancy levels; (c)

Theoretical fitting of the resistance to the VRH model for temperatures rang-

ing from 100 to 300 K. The mean hopping distances (RHop) for 100 K and

300 K were found to be 72 nm and 58 nm which are smaller than nanowire

cross-sections, confirming that the nanostructures studied in this work

behave as three-dimensional systems. The inset depicts an optical micros-

copy image of the measured device.

FIG. 3. Thermally stimulated current data for two devices and theoretical

curve showing the carrier’s emission around 150 K (47 meV) and 90 K

(15 meV) both associated with acceptor energy levels.
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order to study the dynamics of the optical transition, time

resolved photoluminescence (TRPL) was obtained, centred at

827 nm, where we observed the bulk emission. As can be seen

in the inset of Fig. 4, a mono-exponential decay was observed.

After the deconvolution of the experimental data taking into

account the Internal Response Function (IRF) of the system, we

found a time decay of 91 ps. Such a fast lifetime decay is in

agreement with the exciton transition along the bulk emission

from high quality crystalline nanowires. The absence of a sec-

ond lifetime decay as observed in the literature35 indicates that

no other recombination from the surface occurs for our samples.

In this work, we have reported the synthesis and structural,

electrical, and optical characterization studies of high-quality

Zn3P2 nanowires synthesized via the chemical vapour deposi-

tion technique. This method was effective in synthesizing a

large amount of high quality Zn3P2 nanowires in a short period

of time. Structural and morphological characterization studies

revealed a reliable growth process of long, uniform, and single

crystalline nanowires. Different devices were investigated, and

the conduction process in Zn3P2 nanowires seems to be gov-

erned by two different temperature-triggered mechanisms

which take place at the same time. As the hopping contribution

seems to be the dominant one, the thermally activated process

is only able to effectively contribute at high temperatures near

to room temperature. From TSC measurements, we were able

to identify some other low energy levels (15 meV and 47 meV)

which were not observed in resistance measurements. The con-

tribution of these different trapping levels in Zn3P2 to the con-

duction mechanism was also observed in optical emission at

cryogenic temperatures. Using both transport and photolumi-

nescence data, an energy diagram for the active levels inside

the Zn3P2 gap was built.
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